Abstract. We develop a simple stochastic theory for erosion and sediment transport, based on the Poisson pulse rainfall model, in order to analyze how variability in rainfall and runoff influences drainage basin evolution. Two cases are considered: sediment transport by runoff in rills and channels and particle detachment from bedrock or cohesive soils. Analytical and numerical results show that under some circumstances, rainfall variability can have an impact equal to or greater than that of mean rainfall amount. The predicted sensitivity to rainfall variability is greatest when (1) thresholds for runoff generation and/or particle detachment are significant and/or (2) erosion and transport are strong nonlinear functions of discharge. In general, sediment transport capacity is predicted to increase with increasing rainfall variability. Depending on the degree of nonlinearity, particle detachment capacity may either increase or decrease with increasing rainfall variability. These findings underscore the critical importance of hydrogeomorphic thresholds and other sources of nonlinearity in process dynamics. The morphologic consequences of rainfall variability are illustrated by incorporating the pulse rainfall theory into a landscape simulation model. The simulation results imply that, all else being equal, catchments experiencing a shift toward greater climate variability will tend to have (1) higher erosion rates, (2) higher drainage density (because of increased runoff erosion efficiency), and ultimately (3) reduced relief. The stochastic approach provides a useful method for incorporating physically meaningful climate data within the current generation of landscape evolution models.
Introduction
Although it is often modeled as a continuous process, landscape evolution is, in fact, largely driven by discrete events. The topography of a typical mountain range, for example, is shaped by a quasi-random sequence of floods, earthquakes, and landslides, with each process having its own characteristic frequency distribution and with each frequency distribution typically varying in time and space as well. The importance of the frequency spectra of geomorphic events is a fundamental problem in geomorphic research. Much of the previous research on this problem has focused on defining the recurrence interval of the most effective geomorphic event, with "effectiveness" defined either on the basis of denudation rate [e.g., Wolman and Miller, 1960; Andrews, 1980; Webb and Walling, 1982; Ashmore and Day, 1988] or landform genesis [e.g., Baker, 1977; Harvey, 1977; Wolman and Gerson, 1978] . Scant attention has been paid, however, to the question of how intrinsic variability in geomorphic forces impacts the morphology and rate of evolution of landforms. For example, the relative geomorphic significance of climate variability as opposed to mean climate has been widely debated and is not well known. In this report, we address the problem of rainfall variability and its impact on catchment geomorphology. We do so by developing a stochastic theory for runoff-driven erosion and sedimentation in a drainage basin and exploring the consequences of that theory in the framework of a physically based model of landscape evolution.
One of the challenges in modeling long-term landscape evolution is coping with the wide disparity between hydrometeorological timescales (e.g., minutes to weeks) and geomorphic timescales (e.g., centuries to geologic eras). Most quantitative landscape models solve this problem by devising a "steady runoff" coefficient that is assumed to encapsulate the average effect of many floods over many years. For models that assume a linear drainage area-discharge relation, this runoff coefficient has dimensions of length per time and can be thought of as a "geomorphically effective" precipitation rate [e.g., Beaumont et al., 1992; Anderson, 1994; Tucker and Slingerland, 1994] . In some cases an "intermittency factor" is included as a simple approximation for the degree of runoff variability [Paola et al., 1992; Tucker and Slingerland, 1997] . Others have used empirically based nonlinear discharge-area relationships [Willgoose et al., 1991a; Howard, 1994; Howard et al., 1994; Whipple and Tucker, 1999; Snyder et al., 2000] , though in practice the convenient assumption Q ϰ A (Q equal to discharge and A equal to drainage area) is often made. Willgoose et al. [1991a] argued that flood variability could be parameterized on the basis of mean peak discharge but did not attempt to draw an explicit connection with climate properties. Other recent efforts have explored the scaling consequences of spatial (as opposed to temporal) variability in rainfall fields within the framework of statistical-physical models [Maritan et al., 1996] . To date, however, application of probabilistic modeling of temporal rainfall has been limited to one-dimensional hillslope profile models [Kirkby, 1994] . Thus an important shortcoming of the current generation of drainage basin evolution models is that hydroclimatology is represented by an ad hoc parameter with an unknown relationship to actual climate properties. Here we combine the Poisson rainfall model of Eagleson [1978] with landscape evolution theory to develop a simple and efficient means of (1) modeling the long-term fluvial geomorphic effects of storm variability and (2) tying models of fluvial erosion to observed rainfall statistics. Use of a probabilistic approach makes it possible to analyze the effects of climate variability, as opposed to mean climate parameters, on longterm landscape evolution. In addition, the fact that the Poisson approach uses parameters that can be obtained from real climate data means that the "rainfall knob" no longer needs to be treated as a free parameter. In this paper, we present the modeling approach and discuss its implications for three related issues: (1) What is the predicted sensitivity of long-term average erosion and sediment transport rates to the degree of variability in rainfall intensity? (2) To what extent does the importance of variability depend on the presence of thresholds in the landscape, such as a threshold for particle detachment, or on other nonlinearities in erosion and transport laws? (3) What are the potential morphologic consequences of rainfall variability? We consider the implications of the stochastic theory for both transport-limited and detachment-limited stream erosion processes and present an example that illustrates the potential impact of rainfall variability on drainage basin morphology.
Model Description

Stochastic Rainfall Model
Rainfall is modeled as a series of discrete random storm events, using the rectangular pulse model of Eagleson [1978] ( Figure 1 ). Each storm event is treated as having a constant rainfall rate P of duration T r . Each event is separated from the next event by an interstorm interval of duration T b . Storm intensity and duration are assumed to be independent. The probability density functions for storm intensity, duration, and interstorm interval are given by rainfall intensity f͑P͒ ϭ 1
storm duration
interstorm period
The rainfall model thus has three parameters that represent the mean rainfall intensity, duration, and frequency, respectively. Despite its simplicity this model encapsulates a rich behavior and has been shown to provide a good approximation to observed rainfall statistics [Eagleson, 1978; Hawk, 1992] .
To derive a distribution of runoff rates f(R), we start by assuming that runoff is Hortonian and uniform across the landscape (though the formulation could be readily modified to account for saturation-excess runoff production if desired [e.g., ). Runoff rate R is defined as rainfall rate minus losses to infiltration, evaporation, and/or canopy and surface interception:
where I c is infiltration capacity and I l represents evapotranspiration and interception losses. The derived distribution for R is obtained from f͑R͒ ϭ f͑P͒ dP dR
The mean runoff rate is therefore
Sediment Transport by Runoff
Some models of landscape evolution assume that erosion by overland flow and/or by streams is limited primarily by sediment transport capacity [e.g., Kirkby, 1971; Snow and Slingerland, 1987; Willgoose et al., 1991a] . Under this condition, one can use Exner's continuity of mass equation to express erosion rate in terms of the divergence of sediment transport capacity
where z b represents the height of the surface above an arbitrary datum in the underlying rock or soil column, t is time, and s is sediment bulk density. This approach is applicable to systems in which sediment is easily detachable, such as sandy alluvial streams.
The instantaneous rate of sediment transport by runoff is typically modeled as a function of excess shear stress,
where Q s is the total volumetric sediment transport rate (L 3 T
Ϫ1
) integrated across the width of a channel or rill, W is width, is average bed shear stress, c is critical shear stress for sediment entrainment, k f is a transport coefficient, and p is an exponent typically of the order of 1.5 or higher for bed load transport and ϳ2.5 for total load transport [e.g., Yang, 1996] . Assuming steady, uniform flow and adopting an empirical bed friction relationship (such as the Manning-Strickler or Darcy- [after Eagleson, 1978] .
Weisbach relation), shear stress can be expressed as a power function of discharge Q and slope S:
with k t , ␣, and ␤ as parameters and S representing slope. For steady, uniform flow in wide channels it can be shown that ␣ ϳ 0.6 and ␤ ϳ 0.7 (for derivations, see Willgoose et al. [1991a] , Howard et al. [1994] , and Tucker and Slingerland [1997] ). Channel width can be written in terms of Q if we adopt the wellknown empirical hydraulic geometry relationships introduced by Leopold and Maddock [1953] ,
where W b is a characteristic channel width (e.g., bank-full) and Q b is a characteristic discharge (e.g., bank-full or mean annual) (subscripts b and s refer to downstream and at-a-station values, respectively). Substituting (9) and (10) into (8),
The empirical treatment of channel width would be most appropriate for transport in channels or rills with resistant banks [e.g., Paola et al., 1992] . For stream channels with mobile sand or gravel banks the width-discharge relationship could, instead, be solved using the threshold shear stress concept of Parker [1978a, b] , though we do not explore this case further here.
To write Q in terms of runoff, we use the simple steady state relationship
where R is runoff rate per unit area, A is drainage area, and a is runoff rate per unit area. If R is uniform across the basin, as we assume in the analysis below, this becomes
Equation (13) effectively equates hydrograph duration with storm duration and is therefore most applicable to small basins. For larger basins the assumption can be relaxed by relating hydrograph peak and duration to basin geometric properties [Rodriguez-Iturbe and Valdés, 1979] . Equations (4), (11), and (13) describe the relationship between rainfall rate (a climatic property) and sediment transport capacity (a geomorphic property). Before examining this relationship in the context of the stochastic rainfall model, we first introduce a similar model for particle detachment in bedrock and cohesive-bed channels and rills.
Particle Detachment
It has been widely argued that the transport-limited assumption (7) is not applicable to situations in which the material being eroded is solid rather than granular (i.e., rock), has significant cohesion, or is armored by vegetation [e.g., Howard, 1994; Foster and Meyer, 1972] . Bedrock channel erosion, in particular, has been cited as a geomorphic process for which (7) is inappropriate. It has been variously suggested that the long-term vertical incision rate in a bedrock channel may depend primarily on excess shear stress [Howard and Kerby, 1983; Howard et al., 1994; Whipple and Tucker, 1999] , total stream power per unit length of channel [Seidl and Dietrich, 1992; Howard et al., 1994] , stream power per unit channel bed area [Whipple and Tucker, 1999] , or sediment flux relative to transport capacity [Sklar and Dietrich, 1998; Slingerland et al., 1997] . Similar concepts have been proposed for soil erosion [e.g., Foster and Meyer, 1972; Moore and Burch, 1986; Mitas and Mitasova, 1998 ].
To explore the implications of the stochastic theory of rainfall and runoff erosion (equations (1)-(3)) for long-term bedrock channel incision, we examine the shear stress erosion theory developed by Howard and Kerby [1983] and extended by Whipple and Tucker [1999] . The rate of channel incision into bedrock is modeled as a function of excess shear stress,
where E is the rate of channel lowering (L T Ϫ1 ) and k e is an erosion efficiency constant with dimensions that depend on a. The case a ϭ 1 (erosion proportional to excess shear stress) has been explored by several authors [Howard, 1994 [Howard, , 1997 Slingerland, 1996, 1997] and is also assumed in some models of soil erosion [e.g., Foster et al., 1995] (For more details access http://soils.ecn.purdue.edu/ϳwepphtml/wepp/ wepptut/ahtml/doc.html.). The case a ϭ 3/ 2 represents the hypothesis that erosion rate depends on unit stream power [Whipple and Tucker, 1999] . Combining (14) with (9), (10), and (13) and defining the characteristic discharge Q b as the product of drainage area A and mean annual rainfall ͗P͘, the instantaneous channel lowering rate can be written
Recall that s and b are the at-a-station and downstream width-discharge scaling parameters, respectively, in (10). The b is often close to 0.5 in alluvial rivers, while s varies from basin to basin; Leopold and Maddock [1953] report an average s of 0.26 for gaging stations in the U.S. southwest and Great Plains. Often the threshold term is neglected and the assumption s ϳ b is made, in which case (15) reduces to a simple power law form
where m b ϭ ␣a(1 Ϫ b ), n b ϭ ␤a, and K b is an erosion coefficient [e.g., Whipple and Tucker, 1999] . This equation (or the equivalent written in terms of drainage area rather than discharge) has been used in numerous models of long-term landscape evolution [e.g., Anderson, 1994; Howard et al., 1994; Rigon et al., 1994; Moglen and Bras, 1995; Tucker and Slingerland, 1996; Stock and Montgomery, 1999] .
Sensitivity of Average Sediment Transport and Erosion Rates to Rainfall Variability
Sediment Transport
Fluvial sediment transport can be viewed as a random process in time which, in turn, is a function of a second random process, runoff [Wolman and Miller, 1960] . We can combine the models derived above for rainfall and sediment transport to analyze the sensitivity of long-term mean sediment transport rates to the degree of temporal variability in rainfall.
We start by considering only sediment transported during storm events, which for most rivers constitutes the bulk of sediment carried. Under this condition and assuming that event duration and intensity are independent [Eagleson, 1978] , the mean annual sediment flux is equal to the mean transport rate produced by a storm times the mean flood duration times the number of storms per year. For small basins and/or long storms, one can make the further assumption that flood duration is approximately equal to storm event duration, in which case the long-term average sediment transport rate can be written
where ͗Q s ͘ is the mean annual transport rate, N is the average number of storms per year, and Q s is the mean transport rate produced by a storm (i.e., the transport rate at a given point averaged over many flood events). The duration ratio T r /(T r ϩ T b ) can be thought of as an intermittency factor [cf. Paola et al., 1992; Tucker and Slingerland, 1997] . Note that ͗Q s ͘ can be related to mean annual rainfall. Mean annual rainfall ͗P͘ is equal to mean storm rainfall times storm frequency times mean storm duration,
Combining (17) and (18),
The parameter P /͗P͘, the ratio of mean rainfall intensity to mean annual rainfall, can be thought of as a climate variability factor.
It remains now to determine the mean storm sediment transport rate Q s , defined as the transport rate averaged over many storms (but not including interstorm periods). We make the following assumptions: (1) Each storm can be approximated as having a steady and spatially uniform rainfall rate throughout its duration; (2) at each point in the landscape, runoff (if nonzero) produces a constant, steady discharge equal to the runoff rate times the contributing area; (3) flood duration is equal to storm duration. Strictly speaking, these assumptions apply only to small basins (less than perhaps 100 km 2 ) in which hydrologic steady state occurs frequently. The steady discharge approximation implies a steady transport rate during any given storm, allowing us to write the average storm sediment transport rate as
Combining (20) with the sediment transport formula (equations (11) and (13)) and the runoff probability distribution (equation (5)),
For convenience, we will define the characteristic discharge as Q b ϭ ͗P͘A. Making this substitution, (21) can be rewritten in terms of the topographic variables A and S and the hydroclimatic variables R, ͗P͘, and P ,
Note that the drainage area terms scale with b (the downstream channel-width exponent), while the runoff terms scale with s (the at-a-station channel-width exponent). We do not know of a general analytical solution to (22), but an analytical solution can be found for the special case c ϭ 0:
where
and ⌫( ) is the gamma function. Combining with (19) gives the expected mean annual transport rate under transportlimited conditions:
where F var ϭ P /͗P͘ describes the relative degree of rainfall variability and ϭ (␣p Ϫ 1)( b Ϫ s ). Equation (24) is divided into three terms: a climatic term that depends on both mean rainfall and rainfall variability (as well as soil infiltration capacity), a topographic term (area and slope), and a term that encapsulates parameters related to bed roughness, channel width, sediment properties, and other physical characteristics. The expression tells us two things. First, it provides a way to estimate the degree of climatic control on long-term sediment transport capacity in models that approximate sediment transport capacity using an area-slope formulation [e.g., Willgoose et al., 1991a; Howard, 1994; Tucker and Slingerland, 1996] . Second, it expresses the relative degree of dependence of transport capacity on mean rainfall and rainfall variability. To appreciate the significance of (24), consider that values of p implied by bed load transport formulas range from 1.5 (e.g., Bagnold and Meyer-Peter-Muller formulas, among others) to as high as 3 under certain conditions (e.g., Einstein-Brown formula [Yang, 1996] ). For total-load transport the EngelundHansen formula, which is supported by recent experimental work ], gives p ϭ 2.5 [e.g., Yang, 1996] . Hydraulic geometry data of Leopold and Maddock [1953] give b ϳ 0.5 and s ϳ 0.25 for rivers in the southwestern United States. Finally, for steady, uniform subcritical flow, ␣ ϳ ␤ ϳ 0.67 [e.g., Tucker and Slingerland, 1997] . Using these values, is expected to range from about 0 to 0.25, and ␥ is expected to range from about 1 to 1.75. Thus (24) implies that both total rainfall and rainfall variability control the long-term sediment transport rate. In the case of fine-sediment transport ( Ͼ Ͼ c ) in a basin with impermeable soils (I Ͻ Ͻ P), total rainfall is the dominant term; variability becomes relatively more important as the threshold terms increase.
Soil Detachment and Bedrock Erosion
We can use the same approach to explore the influence of rainfall variability on erosion in bedrock channels or cohesive soils (equation (14)). Substituting (1), (4), (9), (10), and (13) into (14), the average instantaneous downcutting rate may be written
Note the similarity with (22), which is to be expected given the similarity in the form of the transport capacity and bedrock erosion models ( (8) and (14), respectively). Again, for the case Ͼ Ͼ c , we can obtain an analytical solution for average instantaneous erosion rate E and long-term average erosion rate ͗E͘,
and n b ϭ ␤a. Equation (27) is analogous to (24) in that it describes how long-term average bedrock incision rate varies according to mean rainfall ͗P͘ and rainfall variability F var . Like (24), (27) can be divided into three terms, representing (1) climate, (2) physical properties, and (3) topography. The scaling parameter ␥ b depends on hydraulic geometry ( s ), on the shear stress-discharge relation (␣), and, significantly, on the nonlinearity parameter a. For the case I ϭ 0 and c ϭ 0, a surprising implication of (27) is that in the range of commonly assumed values for these parameters, (␥ b Ϫ 1) Ͻ 0, and therefore long-term incision rates are predicted to decrease with increasing climatic variability. Consider for example the case a ϭ 1. Assuming typical values of ␣ ϭ 0.6 and s ϭ 0.25, then ␥ b ϳ 0.5. Alternatively, if a ϭ 3/ 2 as predicted by unit stream power theory, then ␥ b ϳ 0.7. Only at values of a greater than about 2 does the nonlinearity begin to reverse direction (␥ b Ͼ 1), so that larger events become proportionally more significant. This counterintuitive behavior illuminates an important shortcoming of the common "zero-threshold" assumption. Under steady, uniform flow conditions, shear stress varies linearly with water depth, while water depth varies less than linearly with discharge (except in the unusual case of vertical channel walls). The net result is that bed shear stress varies less than linearly with discharge, and in the absence of a detachment threshold or other strong nonlinearity, so too does erosion rate. If this were true in nature, it would mean that a doubling of mean flood discharge and a halving of mean flood duration would actually tend to decrease the average erosion rate. If we accept the commonly held notion that bedrock fluvial systems are dominated by high-magnitude events [e.g., Baker, 1977] , then we are forced to conclude that an important role is played by factors such as detachment thresholds, a strong nonlinearity in the incision rate-shear stress relation (a Ͼ 2) [Hancock et al., 1998; Whipple et al., 2000] , or important nonlinearities in flow hydraulics that are not captured by the steady, uniform subcritical flow assumption. There thus remains an important need for studies that can quantitatively evaluate the role of such nonlinearities in the mechanics of stream erosion.
Nondimensionalization
To facilitate numerical analysis of (22) and (25), the equations are nondimensionalized as follows. Rainfall and runoff intensity are normalized by mean annual rainfall, and shear stress and critical shear stress are normalized by the shear stress that would be produced by the mean annual rainfall (at a given slope and contributing area):
Nondimensional rainfall intensity
Infiltration capacity
Runoff rate
Channel width
Shear stress
Critical shear stress
Storm transport rate
Mean annual transport rate
Storm incision rate
Mean annual incision rate
Here W p and p refer to channel width and shear stress, respectively, evaluated for Q ϭ ͗P͘A. The nondimensionalization reduces the independent variables in (22) and (25) to three: IЈ, Ј c , and PЈ.
Sensitivity to Runoff Variability: Role of Thresholds
Figures 2 and 3 illustrate the behavior of (35) and (37), respectively, under different values of the infiltration and erosion thresholds and for a given set of exponent terms. (Note that for purpose of comparison between curve shapes, each curve is normalized by its mean value.) In order to extend the analysis to the case of nonzero c , (35) and (37) were solved using a Monte Carlo approach. For each set of parameters P Ј, IЈ, and Ј c , 100,000 random values of PЈ were chosen, and the corresponding values of QЈ s or EЈ were computed. In the case of transport capacity (Figure 2 ), exponents ␣ ϭ 2/3, s ϭ 0.25 [Leopold and Maddock, 1953] , and p ϭ 2.5 [Engelund and Hansen, 1972] were chosen as typical example values. The random QЈ s and EЈ values were then averaged and multiplied by 1/P to obtain ͗Q s ͘Ј ((35) and Figure 2 ) and ͗E͘Ј ((37) and Figure 3 ).
Consider first the case of long-term average sediment transport capacity. Even when the threshold terms are negligible, most sediment transport formulas imply a nonlinear relationship between transport capacity and unit discharge (represented here by the nondimensional runoff rate RЈ) [Howard, 1980] . Thus, in Figure 2 , the average transport capacity always increases under increasing rainfall variability. If the threshold terms are small, however, the sensitivity to rainfall variability is less than the sensitivity to mean annual rainfall (recall that in (24) will generally be small). As might be expected, sensitivity to rainfall variability increases as the infiltration threshold grows (Figure 2a) . Which of the curves in Figure 2a is most appropriate to natural catchments? A rough estimate can be Figure 2 . Plot of nondimensional mean sediment flux ͗Q s ͘Ј versus the rainfall variability parameter P Ј, showing how the relationship changes as a function of (a) infiltration capacity IЈ and (b) critical shear stress Ј c . In Figure 2b each plotted point represents an average of 100,000 Monte Carlo realizations of QЈ s . To facilitate comparison between the curves, each curve is normalized by the mean value of ͗Q s ͘Ј. Exponent parameters are s ϭ 0.25, ␣ ϭ 2/3, and p ϭ 2.5. Double arrows show the typical range of F var values, estimated from 32 of the stations analyzed by Hawk [1992] ; the minimum is three (Astoria, Oregon), and the maximum is 40 (El Paso, Texas).
obtained from published figures. Dunne [1978] reports measurements of infiltration capacity of the order of 0.2-6 cm h Ϫ1 for midwestern agricultural silt-loam soils, 1-8 cm h Ϫ1 for ungrazed rangeland soils, and Յ8 cm h Ϫ1 for vegetated forest soils. Given a typical mean annual rainfall of ϳ1 m, these values correspond to IЈ ϳ 20-700, implying that permeable, vegetated soils have the effect of amplifying the geomorphic importance of rainfall variability. Three caveats are in order, however. First, this analysis does not account for direct runoff from saturated areas, which might tend to increase the relative importance of smaller storms. Second, in natural catchments the distribution of interstorm periods influences the likelihood of precipitation falling on already saturated soils and is therefore also a potentially important variable. Finally, we have not attempted to account for potential adjustments in bank-full channel width (coefficient k w ) that could partly offset the effects of changes in flow variability. Nonetheless, the implication, perhaps surprisingly, is that arid, poorly vegetated catchments should show less sensitivity to changes in rainfall variability than humid, vegetated catchments.
The relationship between mean sediment transport capacity and rainfall variability is quite sensitive to the shear stress threshold Ј c (Figure 2b ), underscoring the point made by Baker [1977] that extreme events become increasingly important in geomorphic systems with large thresholds (as is likely to be the case for bedrock channels and/or channels bearing coarse bed load material). Because Ј c depends on the meanflow shear stress of the stream in question, it is difficult to generalize about typical values. Some insight can be gained, however, by considering the finding by Parker [1978a, b] that channel (ch) geometry in streams with mobile bed and banks tends to adjust such that the ratio / c ϳ K ch is constant, with theoretical and experimental values of K ch in the range of about 1.2 to 1.4. The fact that critical shear stress in such streams tends to be close to bank-full shear stress implies that c is likely to be several times larger than the reference meanflow shear stress p (equation (33)); in other words, Ј c is likely to be significantly larger than unity, although it is impossible to be more precise without reference to data for a specific river. Despite the uncertainty regarding typical values of Ј c , it is clear that the presence of coarse channel sediment or detachment-resistant rock or soil material will tend to increase a catchment's sensitivity to rainfall variability, all else being equal.
Consider next the particle detachment model (Figure 3 ), which is arguably more appropriate than the transport capacity model for describing erosion in bedrock channels, cohesivebed streams, and cohesive or vegetation-armored soils. In the absence of any thresholds at all (I ϭ 0 and c ϭ 0), sensitivity to rainfall variability depends largely on the nonlinearity parameter a (Figure 3a) . For a less than about 2, the analysis implies an inverse sensitivity, with the highest erosion rates under the smallest possible variability for the reasons discussed above. However, the presence of a threshold for runoff generation (Figure 3b ) or for detachment (Figure 3c ) will nullify or reverse this pattern, apparently even when the threshold is small relative to shear stresses generated during a typical storm (corresponding to Ј c greater than or equal to about 2 in Figure  3c ). In this case, the degree of sensitivity to rainfall variability is described by a humped curve. Given the existence of such thresholds, a region of low climatic variability (relative to the operative thresholds) would be one in which erosion occurs only under large, rare events. Under these conditions a small increase in variability could have a significant impact on longterm average erosion rates (Figures 3b and 3c) . Under a climate that is already highly variable (again relative to the operative thresholds), a further increase in variability may have little or no effect or may even result in a decrease in mean erosion rates. This behavior would characterize a regime in which most events are capable of performing significant work.
Morphologic Consequences of Rainfall Variability: Simulation Examples
One way to explore how differences in rainfall variability might impact drainage basin morphology is through the use of numerical modeling. Here we present two example simulations using the channel-hillslope integrated landscape development (CHILD) model . The model is similar in spirit to previous landscape models [e.g., Willgoose et al., 1991a; Howard, 1994; Tucker and Slingerland, 1997] but differs in several important respects. Here we only briefly summarize the aspects of the model that are relevant to these examples; for details the reader is referred to Tucker et al. [1999] (available as of this writing at http://platte.mit.edu/ϳchild).
The terrain is represented by a triangulated irregular finitevolume mesh [Braun and Sambridge, 1997; Tucker et al., 2000] . Runoff, sediment transport, and erosion are computed at each of the nodes (vertices) in the triangulation; the surface area associated with each node is equal to its Voronoi area (the area of closest proximity to the given node; for details, see ). The most salient aspect of the model in this context is that climate is simulated in a stochastic framework based on the Poisson pulse rainfall theory (Figure 1) . The model is driven by a time series of rainstorm events. For each event, values of rainfall intensity, duration, and interstorm period are drawn at random from the probability distributions in (1)-(3). During a given storm event the runoff generated at each node (if any) is routed downslope along the steepest triangle edge toward one of its neighbors. In the examples shown below, runoff rate (with dimensions of L T Ϫ1 ) is equal to the difference between rainfall rate and a spatially uniform infiltration capacity I. Total discharge at each point during a given storm s is
where Q i s represents the discharge at node i during storm s, N i is the number of nodes upstream of node i (the summation is Figure  3c each plotted point represents an average of 100,000 Monte Carlo realizations of EЈ (the jagged lines are the result of using a finite number of random values). To facilitate comparison between the curves, each curve is normalized by its mean value. Exponent parameters are s ϭ 0.25, ␣ ϭ 2/3, and, in Figures  3b and 3c , a ϭ 1.5. Double arrows show the typical range of F var values, estimated from 32 of the stations analyzed by Hawk [1992] ; the minimum is three (Astoria, Oregon), and the maximum is 40 (El Paso, Texas). over all nodes that drain to node i), P s is the rainfall rate associated with storm s, and ⌳ j is the Voronoi area of node j. In this example the landscape is detachment-limited [Howard, 1994] . The erosion rate during each storm event is computed using (15). Erosion by hillslope mass transport is simulated using a linear diffusion equation [e.g., McKean et al., 1993] and is applied during both storm and interstorm periods. (Note that in order to maintain consistency with the detachmentlimited assumption implied by (15), net deposition by hillslope transport is not allowed.) The model makes no explicit distinction between hillslopes and channels. Instead, both runoff erosion (equation (15)) and slope-driven ("diffusive") transport are applied to every point in the landscape, and hillslope-valley topography naturally arises from the interaction of these two processes [cf. Howard, 1994; ].
An important advantage of driving a geomorphic model with a series of discrete storm events, rather than simply using the integrated transport or erosion equations ( (24) or (27)), is that one can address the dynamics arising from event sequencing. For example, the response to an event of a given size may depend on the recent history of sediment production by weathering or delivery from hillslopes. However, for simulations involving timescales relevant to drainage basin formation, representation of each individual storm event becomes computationally prohibitive. A practical solution in such cases (which we use in the examples below) is to magnify the mean storm and interstorm durations by a factor Ͼ Ͼ1, so that each simulated "event" actually represents the cumulative effects of many events of that size. This approach preserves the underlying magnitude-frequency distribution and is valid provided that (1) the operative climate variable is rainfall intensity (which remains unaltered) rather than total storm depth and (2) the effects of event sequencing play only a minor role in the context of the problem being addressed (e.g., long-term basin evolution as opposed to small-scale channel-head dynamics).
To illustrate the potential morphologic consequences of rainfall variability, we compare simulated drainage basins under climatic conditions typical of two regions in the United States that have similar mean annual precipitation but very different precipitation magnitude-frequency characteristics. Eugene, Oregon, and Atlanta, Georgia, both experience a mean annual precipitation of about 120 cm. Using hourly rainfall data, Hawk [1992] estimated the three parameters of the Poisson model (equations (1)- (3)) for these locations (among others) on a monthly basis. The climate in the vicinity of Eugene is characterized by long-lasting but low-intensity Pacific storm systems and has monthly values of P ranging from 0.4 to 0.8 mm/h. By contrast, Atlanta is influenced by Atlantic tropical storm systems and frequent convective rainfall; estimated monthly values of P range from 1.2 to 3.0 mm/h. One can think of these two settings as representing the end-member cases of "frequent drizzle" and "rare catastrophic downpour," respectively. Figure 4 compares simulated drainage basins formed under (a) Eugene-type climate and (b) Atlanta-type climate, using the mean value of P (average of 12 monthly values) for the two regions (Table 1) . Simulation parameters are listed in Table 2 . Both simulated drainage basins have equal erosion rates (approximately equal to a constant rate of base level fall) and an identical lithology (expressed by the bedrock erodibility parameter k e ). Because of the presence of thresholds for infiltration (a modest I value of 0.1 cm h
Ϫ1
) and detachment (16 N m Ϫ2 Prosser and Soufi, 1998 ]), small events have little or no impact on the landscape. The higher variability climate in Figure 4b , in which large events are more frequent, can therefore maintain the same erosion rate with lower relief. The drainage density under the more variable rainfall regime is also higher because of the more frequent exceedance of the erosion threshold in the upper parts of the catchment. (Note that the drainage lines shown in Figure 4 are drawn using an arbitrary threshold for illustration purposes and do not necessarily reflect landscape texture.) These detachment-limited simulations do not account for an upper limit on sediment transport capacity (i.e., (11)), which given its degree of nonlinearity would be expected to show an even stronger sensitivity to rainfall-runoff variability. These simulation examples, though quite simple, illustrate the potential influence of climate variability on large-scale landscape morphology. One implication is that in a catchment that has adjusted to prevailing rates of rock uplift (or, more generally, base level fall), all else being equal, higher rainfall intensity should tend to be correlated with lower overall relief and higher drainage density. Relief is lower because a given rate of stream erosion can be achieved under gentler channel gradients when the climate is more erosive [e.g., Willgoose et al., 1991b; Whipple and Tucker, 1999; . Increased drainage density under higher rainfall intensity simply reflects the increased efficiency of runoff erosion relative to diffusive hillslope transport ]. Alternatively, consider, instead, two catchments with identical relief and mean annual rainfall but contrasting rainfall variability. For typical values of infiltration capacity and (to the degree known) erosion thresholds the model results imply that the catchment experiencing greater rainfall variability will tend to have a higher mean erosion rate and sediment yield. These predictions thus provide a basis for comparison with morphologic and sediment flux data.
Discussion and Conclusions
Understanding the role of climatology in governing rates and patterns of landscape evolution is important not only for developing geomorphic models but also for interpreting the stratigraphic record and the indirect evidence of climate changes it contains, as well as for predicting the potential impacts of future climate change. The foregoing analysis supports the hypothesis of Leopold [1951] that fluctuations in rainfall frequency and magnitude can impact rates and patterns of landscape change. Under some circumstances, in fact, our results imply that precipitation variability may be more significant than total precipitation. Climate variability is therefore a factor that should be considered in studies that attempt to relate climate and long-term erosion rates. The Poisson model provides a simple and efficient way to account for the stochastic nature of precipitation in models of climate and erosion. It has the further advantage that its parameters can be readily derived from measured rainfall data thus eliminating the need for a poorly calibrated "climate coefficient."
Results of this analysis imply that the long-term average sediment transport capacity (and, in general, the sediment flux) in rivers and on eroding hillslopes should be higher under a more variable climate, all else being equal. The degree of sensitivity to climate variability depends on (1) the intrinsic nonlinearity in transport dynamics and (2) the magnitude of thresholds for runoff production and sediment particle detachment. Because the latter is primarily a function of sediment size, the model results imply that streams with coarser bed sediment should tend to exhibit greater sensitivity to fluctuations in rainfall variability. We know that alluvial streams tend to adjust their bed composition to the prevailing sediment load and range of discharges [e.g., Gasparini et al., 1999] , and thus one might also expect a correlation between climate variability and bed sediment characteristics.
Using a shear-stress approach to model the erosion of de- The same basin after a prolonged shift to Atlanta, Georgia, climatology. Note decreased relief and increased drainage density. Dimensions are in meters. Simulation parameters are listed in Table 2. tachment-resistant material (such as bedrock), we find that the erosion rate in a detachment-limited system may either increase or decrease with increasing rainfall variability, depending on the intrinsic nonlinearity in the process dynamics and on the magnitude of thresholds for runoff production and particle detachment. Little is known at present about either of these factors, and yet the degree of nonlinearity, in particular, emerges as a fundamental unknown in models of long-term landscape evolution [Whipple and Tucker, 1999; ]. In a field study of incision by small channels into cohesive sediments, Howard and Kerby [1983] found a roughly linear relationship between incision rate and mean bed shear stress (i.e., a ϭ 1). In recent studies of bedrock channel erosion, Hancock et al. [1998] and Whipple et al. [2000] argued on theoretical grounds that the degree of intrinsic nonlinearity should depend on the dominant erosion process, with the highest nonlinearity (a ϳ 2.5) associated with bedrock abrasion. Thus it is likely that nonlinearity and hence sensitivity to climate variability differ among different geomorphic environments. The magnitude of potential erosion thresholds in bedrock fluvial systems is not well known, but observation and intuition tell us that such thresholds must exist. In the case of cobble-mantled bedrock streams, for example, it is likely that flows must be at least large enough to mobilize the bed material before significant channel incision can occur. Thus, although our results imply that rainfall variability could under some circumstances lead to a reduction in erosion rates, it seems likely that the presence of thresholds and other forms of nonlinearity in natural bedrock fluvial systems places them in a position on the "variability spectrum" (e.g., Figure 3 ) where increased climate variability will tend to drive increased mean erosion rates. The model results also underscore the importance of catchment hydrology and hydrologic thresholds. A counterintuitive outcome of the analysis is that, all else being equal, arid regions dominated by Hortonian overland flow and relatively impermeable soils should be less sensitive to climate variability than vegetated, humid, temperate regions with permeable soils and resistant vegetation cover. There is a common perception that arid landscapes tend to be dominated by extreme events, but if this true, we suggest that it reflects differences in climatology rather than geomorphology per se. Instead, our analysis implies that humid drainage basins with permeable soils, which typically have large thresholds for runoff generation and hillslope wash erosion, should be more sensitive than arid regions to increases in climate variability. The importance of hydrologic thresholds has also been demonstrated by Kelson and Wells [1989] , who found large differences in catchment hydrology between otherwise similar drainage basins underlain by crystalline and sedimentary rocks, respectively. Kelson and Wells [1989] found lower mean and peak runoff rates as well as lower bed load transport capacities in catchments underlain by sedimentary rocks and attributed these differences in part to a larger average infiltration capacity within the sedimentary catchments. Stream terrace data from two of these catchments also suggest that these differences in basin hydrology have led to significant differences in long-term rates of channel incision; streams within the crystalline (and presumably more resistant) lithologies appear to be capable of more rapid downcutting rates and shorter response times [Pazzaglia et al., 1998 ].
Our findings also support the hypothesis that enhanced storminess can drive accelerated denudation [Molnar and England, 1990; Gregory and Chase, 1994] . This finding does not imply, however, that enhanced storminess should necessarily be correlated with increased relief. It is difficult to generalize about morphologic outcomes of changes in climatic variability without reference to specific boundary conditions and processes. Nonetheless, it is possible to draw some conclusions regarding the morphology of drainage basins that have adjusted to (i.e., reached approximate equilibrium with) prevailing rates of tectonic uplift or base level fall. Under such circumstances the greater erosional efficiency associated with a more variable climate should lead to a decrease rather than an increase in total relief (Figure 4) . Though there may be circumstances under which accelerated denudation rates lead to enhanced relief (an eroding plateau may be one such case), theoretical results suggest that a climatically driven increase in mean "erosional efficiency" will usually tend to reduce catchment relief, even under transient conditions . An additional theoretical finding is that, all else being equal, higher rainfall variability will tend to be associated with higher drainage density, because of the increased rates of runoff erosion relative to hillslope transport (Figure 4 ) ]. This result is consistent with empirical studies that show a correlation between drainage density and rainfall intensity [Chorley, 1957; Chorley and Morgan, 1963] .
Rainfall variability is clearly one of the climatic factors that can and has varied on Earth's surface. For example, it has been hypothesized that the early Holocene was characterized by a significant decrease in the number of large storms over the U.S. midcontinent, because of increased zonal circulation and an eastward shift in the Bermuda high, relative to the present day [Knox, 1983; Forman et al., 1995] . Evidence from midcon- tinent valley-fill deposits implies that this climatic shift had significant geomorphic consequences [Brakenridge, 1980; Knox, 1983; Johnson and Logan, 1990] . There remains uncertainty, however, as to the detailed hydrologic and geomorphic dynamics that govern the transient response of drainage basins to such climate fluctuations. These dynamics may be amenable to study using models based on the stochastic framework we have outlined. The linked climatic-geomorphic approach outlined herein may also provide a simple and useful framework for evaluating the potential geomorphic impacts of future climate change.
